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VEHICLE ATTITUDE CONTROL USING JET
PADDLES AND/OR MOVABLE MASS

FIELD

The present invention generally pertains to vehicle tlight
control, and more specifically, to vehicle attitude control
using jet paddles and/or movable mass.

BACKGROUND

Conventional approaches to steering a rocket-propelled
vehicle employ an attitude control system (ACS) for direct-
ing the thrust of the rocket engine. Thrust vector control
(TVC) approaches generate torque needed for attitude con-
trol and may be employed in both endoatmospheric and
exoatmospheric vehicles in some cases. When steering a
rocket-propelled vehicle, there 1s an intimate connection
between the thrust of the main rocket motor and the needed
torque to maintain attitude control. High performance rocket
motors typically have thrust misalignment errors of between
0.15° and 0.25°. TVC systems can compensate for thrust
misalignment by redirecting the thrust by an approprate
angle relative to the vehicle. The needed torque 1s approxi-
mately the thrust times the distance between the nozzle of
the rocket motor and the center-of-mass of the vehicle times
the misalignment error expressed 1n radians.

Conventionally, TVC for rocket-propelled vehicles 1s
performed using jet vanes, a gimbaled nozzle, a gimbaled
engine, multiple engines with variable thrust, or a vectoring
exhaust nozzle. Also, low thrust spacecrait may make use of
other torque generation techniques, such as reaction wheels,
control moment gyros, and magnetic torque coils.

Movable mass has also been considered for generating
torque and controlling the attitude of a vehicle when external
forces (e.g., thrust and aerodynamic forces) are applied to
the vehicle. As used herein, movable mass denotes one or
more volumes of mass that can be moved to alter the
location of the center-of-mass of a vehicle. “Movable mass”™
and “movable masses” are used interchangeably. Movable
masses have been analyzed and computer simulated for
kinetic kill vehicles. However, such movable masses have
always been internal to these vehicles, and furthermore, they
have not been applied specifically to mitigating thrust mis-
alignments. Also, TVC systems and movable mass systems
have not been applied to small rocket-propelled vehicles,
e.g., rocket motors with a mass of a few kilograms and
nozzle dimensions of a few centimeters. Accordingly, an
alternative ACS that may be configured for such vehicles
may be beneficial.

SUMMARY

Certain embodiments of the present invention may be
implemented and provide solutions to the problems and
needs i the art that have not yet been fully solved by
conventional vehicle ACSs and/or steering systems. For
example, some embodiments of the present invention use
two or more movable jet paddles and/or movable masses to
control the attitude (1.e., pitch, yaw, and/or roll) of a thrust-
ing vehicle. Certain embodiments of the present mnvention
use movable mass to control the pitch/yaw, pitch/yaw rate,
or both, of a vehicle subjected only to a thrust force.

In one embodiment of the present invention, an apparatus
includes a plurality of jet paddles configured to be moved
into and/or sufliciently close to an exhaust tlow, and con-
figured to be moved away from the exhaust flow, to change
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2

a direction of thrust produced by the exhaust flow. The
plurality of jet paddles may be positioned relative to the
exhaust tlow to avoid a stagnation point. The plurality of jet
paddles each pivot about an edge most proximate to where
the exhaust flow exits the apparatus, each translate towards
and away from the exhaust flow, or move by a combination

of rotation and translation towards and away from the
exhaust tlow.

In another embodiment of the present mnvention, a com-
puter-implemented method includes monitoring, by a com-
puting system, whether to execute thrust direction changes
for a vehicle producing thrust with an exhaust flow due to a
planned change 1n thrust direction, and/or due to unknown
and/or unplanned force perturbations. Unknown or
unplanned force perturbations may include a thrust mis-
alignment error, drag and/or lift perturbations, and/or any
other unknown or unplanned force. The computer-imple-
mented method also 1ncludes altering the thrust direction of
the vehicle, by the computing system, when a thrust direc-
tion change 1s desired by moving at least one jet paddle mto
and/or suthiciently close to an exhaust flow, and/or moving
at least one jet paddle away from the exhaust tlow.

In another embodiment, an apparatus includes one or
more movable masses configured to change a center of mass
of the apparatus. At least one of the movable masses 1is
exterior to the apparatus, or movable from an interior to an
exterior of the apparatus and vice versa.

In yet another embodiment of the present invention, an
apparatus includes one or more movable masses configured
to move a center-of-mass of the apparatus. The apparatus
also includes a computing system configured to calculate
torque for attitude and/or attitude rate control of the appa-
ratus. The computing system 1s also configured to calculate
a nulling torque to compensate for thrust misalignment. The
computing system 1s further configured to modify the center-
of-mass of the apparatus by moving at least one of the one
or more movable masses to achieve the torque and/or the
nulling torque.

In still another embodiment of the present invention, a
computer-implemented method includes calculating, by a
computing system, a torque to compensate for thrust mis-
alignment, perform attitude control, and/or perform attitude
rate control. The computer-implemented method also
includes performing nullification of a thrust misalignment,
performing attitude control, and/or performing attitude rate
control, by the computing system, by moving at least one
movable mass to alter a center-of-mass of the apparatus.

In another embodiment of the present invention, an appa-
ratus includes a plurality of jet paddles configured to be
moved 1nto and/or suthiciently close to an exhaust flow, and
configured to be moved away from the exhaust tlow, to
change a direction of thrust produced by the exhaust flow.
The plurality of jet paddles each pivot about an edge most
proximate to where the exhaust flow exits the apparatus,
cach translate towards and away from the exhaust tflow, or
move by a combination of rotation and translation towards
and away from the exhaust tlow. The apparatus also includes
one or more movable masses configured to move a center-
of-mass of the apparatus.

In yet another embodiment of the present invention, a
computer-implemented method includes monitoring, by a
computing system, whether to change attitude and/or atti-
tude rate due to a planned attitude and/or attitude rate
correction, and/or due to unknown and/or unplanned force
perturbations. The computer-implemented method also
includes altering the attitude and/or attitude rate of the
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vehicle, by the computing system, when a change 1s desired
by moving at least one jet paddle, by moving at least one
movable mass, or both.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated 1n the appended drawings. While it should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered
to be limiting of its scope, the mmvention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, in which:

FIG. 1 1llustrates a two jet paddle TVC system, according,
to an embodiment of the present invention.

FIG. 2 illustrates jet paddle configurations to create any
desired rotation of a thrusting vehicle about 1ts center-oi-
mass, according to an embodiment of the present invention.

FI1G. 3 illustrates a six jet paddle TVC system capable of
controlling pitch, yaw, and roll, according to an embodiment
ol the present invention.

FIG. 4 1llustrates a rocket-propelled vehicle with a jet
paddle configured to move by rotation, translation, or a
combination of rotation and translation, according to an
embodiment of the present invention.

FIG. 5A 15 a solid-model rendering illustrating a side view
ol a prototype of a rocket propelled vehicle with an eight jet
paddle TVC system, according to an embodiment of the
present mvention.

FIG. 3B i1s a solid-model rendering illustrating a bottom
view ol the eight jet paddle TVC system, according to an
embodiment of the present invention.

FIG. 6 1s a flowchart illustrating a process for performing,
attitude and/or attitude rate control and compensation for
thrust misalignment using a jet paddle ACS, according to an
embodiment of the present invention.

FIG. 7 1illustrates a rocket-propelled exoatmospheric
vehicle where torque 1s controlled via internal movable
masses, according to an embodiment of the present inven-
tion.

FIG. 8 1s a solid-model rendering of a rocket propelled
vehicle with an external movable mass pitch/yvaw ACS,
according to an embodiment of the present invention.

FIG. 9 1llustrates a prototype vehicle configured to per-
form movable mass attitude control using linear actuators
within the lateral external envelope of the vehicle, according,
to an embodiment of the present invention.

FI1G. 10 1s a flowchart illustrating a process for performing,
pitch/yvaw and/or pitch/yaw rate control, and compensation
for thrust misalignment, using a movable mass ACS, accord-
ing to an embodiment of the present invention.

FIG. 11 1s a flowchart 1llustrating a process for performing,
attitude and/or attitude rate control, and compensation for
thrust misalignment, using a combination jet paddle and
movable mass ACS, according to an embodiment of the
present mvention.

FIG. 12 1s a block diagram of a computing system
configured to control attitude of a vehicle using jet paddles
and/or movable masses, according to an embodiment of the
present mvention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Some embodiments of the present invention control atti-
tude of a vehicle using jet paddles and/or movable masses.
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4

In some embodiments, an ACS may be part of a flight
control system for the vehicle. However, what control sys-
tem moves the jet paddles and/or movable masses 1s a matter
of design choice, and any computing system or mechanical
system capable of achieving such movement and control 1s
within the scope of this disclosure. Furthermore, the vehicles
discussed herein may be autonomous, piloted, human con-
trolled from the ground, or any combination thereof.

Jet paddles may be moved near and/or into the exhaust
flow of an engine to create a force on the jet paddle, and 1n
some cases, to also deflect the exhaust flow. The engine may
be a rocket engine (solid, liquid, or hybrid), an 10on thruster,
an arcjet, a Hall eflect thruster, a turbine engine or other
Brayton cycle heat engine, an engine expelling a liquid, or
any other engine producing thrust via exhaust flow as a
matter of design choice. In certain embodiments, more
responsive performance may be achieved in systems with a
larger exhaust tlow, such as rocket engines and jet engines.
Jet paddles may be used with any machine or vehicle with
an engine producing thrust via an exhaust flow. In some
embodiments, jet paddles may be used to alter the thrust
direction of the vehicle producing thrust with an exhaust
flow. Such vehicles may include, but are not limited to,
fireworks, rockets, aircraft, surtace vehicles, hovercratt, and
underwater vehicles, among others.

Movable mass 1s any mass of a vehicle that can be moved
to alter the center-of-mass of the vehicle. The movable mass
may move 1nside a main body of a vehicle, outside of the
main body of the vehicle, inside-to-outside and/or outside-
to-mside of the main body of the vehicle, or any combina-
tion thereof. The movable mass may be a solid, liquid,
and/or gas. When the center-of-mass of the vehicle 1s moved
relative to the line-of-action of applied forces such as thrust,
drag, or lift, a torque can be generated for attitude control or
for other purposes as a matter of design choice. In the case
of external movable masses that extend from the vehicle,
when operating 1n endoatmospheric thght, or general travel
through a fluid, aerodynamic forces from the atmosphere or
general fluid forces may further be leveraged to control the
attitude of the vehicle (e.g., aecrodynamic flaps). Movable
mass 1s not limited to conventional flying vehicles, but may
be used for any vehicle traveling through a fluid or empty
space, or traveling on a surface, with an applied external
force, whether self-propelled or not. Such vehicles may
include, but are not limited to, fireworks, ballistic projectiles
(e.g., bullets and artillery), bombs, gliders, multiple inde-
pendently retargetable reentry vehicles (MIRVs), satellites,
hovercrait, and underwater vehicles, among others.

A jet paddle 1s itself a movable mass, but 1s designed to
control the attitude and/or attitude rate of a vehicle by
moving 1t into and/or out of the exhaust tlow of the engine
of the vehicle. The mass of a jet paddle 1s typically designed
to be negligible relative to the mass of the vehicle. However,
the displacement of any mass of a vehicle may alter the
location of its center-of-mass.

In some embodiments, jet paddles may be used. In other
embodiments, movable mass may be used. In still other
embodiments, both jet paddles and movable mass may be
used 1 combination. In certain embodiments, jet paddles
and movable mass may be used separately or 1n combination
with other devices providing forces and torques for attitude
control.

In order to more clearly explain some embodiments of the
present invention, a vehicle with a single engine and a single
exhaust nozzle 1s shown herein. However, a person of
ordinary skill 1n the art will readily understand and appre-
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ciate how some embodiments can be applied to a vehicle
with multiple engines and/or multiple nozzles.

Roll, as used herein, 1s a rotation about the axis of
symmetry of the exhaust nozzle, and pitch and yaw are
rotations orthogonal to this axis. The axis of rotation of pitch
1s orthogonal to that of yaw. Those of ordinary skill in the art
will readily appreciate how these rotations can be defined in

other ways.
Jet Paddles

Some embodiments of the present invention perform TVC
using two or more movable jet paddles configured with an
engine using a high speed exhaust tflow to create thrust, e.g.,
a rocket engine (solid, liquid, or hybrid), a jet engine, an 10n
thruster, or a water jet propulsion system. A jet paddle TVC
system may be part of a machine or part of a vehicle ACS
and/or steering system. The jet paddle TVC system may be
used to null engine thrust misalignments and/or to steer the
vehicle 1n endoatmospheric flight, exoatmospheric tlight,
travel through a fluid, travel on a surface, or any combina-
tion thereof.

A jet paddle may be a movable solid object with a portion
of 1ts exterior surface located ait of the exhaust nozzle of the
engine, and may be configured to rotate about a single axis
near, into, and/or out of the exhaust flow from the nozzle. A
jet paddle may also be translated into and/or out of the
exhaust flow, or moved by some combination of translation
and rotation. The jet paddle experiences a force from the
pressure of the vehicle’s exhaust flow, and 1n some cases
may also deflect the exhaust flow, to create a force normal
to the axis of symmetry of the nozzle, which approximately
corresponds to the direction of the exhaust flow and to the
nominal line-of-action of the thrust. The jet paddle may be
configured such that at least a portion of its exterior surface
can be moved into contact with the vehicle’s exhaust flow
without creating a stagnation point on the paddle.

For vehicles propelled by an exhaust flow and traveling
through a fluid or space, a jet paddle TVC system may be
part of a vehicle ACS. Diflerent levels of attitude control
may be achieved using different numbers of jet paddles. Two
paddles are suflicient to create a positive and negative
rotation of the vehicle about a single axis through its
center-of-mass, 1.e., a pitch, yaw, or roll. Four paddles are
suilicient to simultaneously provide pitch and yaw control,
pitch and roll control, or vaw and roll control. Six paddles
are suilicient to simultaneously provide pitch, yaw, and roll
control. However, any number of paddles may be used to
provide the desired degree of control i various embodi-
ments. Such configurations provide a reliable, fast response,
low power, low mass, low cost, and relatively simple TVC
mechanism. While jet paddles may be employed for small
rockets 1n some embodiments, other embodiments may be
employed 1n rockets or other flying vehicles of any size.

FIG. 1 illustrates a two jet paddle TVC system 100,
according to an embodiment of the present invention. Jet
paddles 130 1n this embodiment are thin rectangular plates
or slabs with a face exposed to the exhaust tlow and are
located just aft of nozzle 120 of the rocket motor on
rocket-propelled vehicle 110 at the edge of exhaust flow 140.
Exhaust flow 140 begins 1n size as a cylindrical extension of
the maximum 1nside diameter of nozzle 120. Jet paddles 130
pivot about their edge closest to the exit of nozzle 120 1n a
manner that rotates jet paddles 130 mto and out of exhaust
flow 140. When jet paddles 130 are rotated away from
exhaust flow 140, they do not aflect exhaust tlow 140, and
no thrust vectoring occurs.

However, when a single jet paddle 1s moved near the tlow,
as shown on the right, the rotated jet paddle, 1n effect, forms
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an asymmetric extension of nozzle 120. Since the exhaust
pressure on the rotated jet paddle 1s greater than that on the
opposite jet paddle, a lateral force 1s created, and rocket-
propelled vehicle 110 rotates about 1ts center-of-mass as
shown. In this case, the rotation of the top of the vehicle 1s
to the left. There are two ways to remove the lateral force:
(1) move the jet paddle 1n the exhaust flow back away from
the exhaust flow; or 2) move the opposite jet paddle into the
exhaust flow to create an equal, but opposite, lateral force.

FIG. 2 illustrates jet paddle configurations 200 to create
various vehicle rotations. The x-axis and y-axis lines are
orthogonal to one another and are also orthogonal to and
intersect the axis of symmetry of the respective nozzles of
cach configuration. The jet paddles in this embodiment are
thin rectangular plates or slabs with their faces parallel to the
ax1is of symmetry of the nozzle, which 1s normal to the page.
The view 15 looking down 1nto an exhaust nozzle and seeing
the bottom edge of the jet paddles (i.e., the edge farthest
from the nozzle exit). It 1s assumed 1n FIG. 2 that the axis
of symmetry of the nozzle passes through the center-of-mass
of the vehicle.

In configuration 210 shown on the left, the face of a single
paddle 214 1s centered relative to the center of nozzle 212,
and 1s orthogonal to an axis that 1s orthogonal to the axis of
symmetry of the nozzle, e.g., the x-axis or y-axis. The paddle
creates a lateral force 216 having a line-of-action that
intersects the axis of symmetry of nozzle 212. Force 216 can
be used to pitch or yaw a vehicle, 1.e., to rotate a vehicle
about an axis that 1s orthogonal to the axis of symmetry of
the nozzle, e.g., the x-axis or y-axis. The single paddle 214
can also be used to roll a vehicle. This can be accomplished,
for example, by twisting the paddle about its axis of sym-
metry parallel to the axis of symmetry of the nozzle. This
causes force 216 to rotate 1n the x-y plane so 1ts line of action
misses the axis of symmetry of the nozzle, creating a roll
torque.

In configuration 220 shown 1n the middle, a second paddle
222 1s added 1n addition to first paddle 221 around nozzle
223. This creates a second lateral force 225 orthogonal to a
first lateral force 224 from first paddle 221. A vector sum of
forces 224 and 225 (i.e., total lateral force 226) 1s directed
between paddles 221 and 222 as shown. By varying the
magnitude of each lateral force 224, 225 (e.g., by changing
the distance between the respective paddle and the exhaust
flow), total lateral force 226 can be in any direction between
paddles 221, 222. This effect can be used to create any
desired combination of pitch and yaw for a vehicle.

In configuration 230 on the right, two opposing paddles
231, 232 are positioned kitty-corner to one another about
nozzle 233 so the normal of their faces misses the axis of
symmetry of nozzle 233 by the same distance. This paddle
placement creates equal and opposite lateral forces 234, 235
equally spaced from the axis of symmetry of nozzle 233,
which causes the vehicle to roll 1n a roll direction 236 at a
certain rate (1.e., rotate about the axis of symmetry of nozzle
233). In each case, how far each paddle 1s moved, and which
paddles are moved, will control both the type of motion that
the vehicle experiences and the amount of movement. Mul-
tiple types of control may be applied at the same time in
some embodiments.

FIG. 3 illustrates a six jet paddle TVC system 300 capable
of controlling pitch, yaw, and roll, according to an embodi-
ment of the present mvention. The jet paddles are assumed
to be thin rectangular slabs or plates with one side facing the
axis ol symmetry of the nozzle in this embodiment, as
described above with respect to FIG. 2. As with FIG. 2, the

view 1s looking into the nozzle. A rocket-propelled vehicle
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310 has a nozzle 320 that channels an exhaust flow (not
shown). Jet paddles 330 are the only paddle on their respec-
tive sides of nozzle 320. Jet paddles 332 are positioned in
pairs on opposite sides of nozzle 320. However, 1n some
embodiments, jet paddles 332 are not next to each other and
any symmetric or asymmetric paddle configuration may be
employed. However, symmetric configurations may provide
better performance. The actuator for each paddle 1s not
shown.

In TVC system 300, the white arrows illustrate the
direction of the bottom edge of jet paddles 330, 332 into and
out of the flow. A hinge may be located along the top edge
of each of jet paddles 330, 332, 1.¢., the edge closest to the
base of rocket-propelled vehicle 310 so jet paddles 330, 332
can be rotated into and out of the flow. Alternatively, 1n
certain embodiments, jet paddles 330, 332 may not rotate,
but may be translated into and out of the tflow 1n the direction
of the arrows.

Other methods of moving jet paddles 330, 332 into and
out of the tlow are possible. For example, jet paddles 330,
332 may move 1nto and out of the flow such that the paddles
are out of the flow when they are above the bottom of the
nozzle (or alongside the nozzle), and they are in the tlow (or
adjacent to the tflow) when they are moved past the end of
the nozzle 1n the direction of the tflow. In other words, jet
paddles 330, 332 may move 1n a direction orthogonal to the
page of FIG. 3 in some embodiments. Methods of moving jet
paddles 330, 332 into and out of the flow using a combi-
nation of rotations and translations are also possible. See, for
example, FIG. 4.

When the pressure distribution on jet paddles 330, 332
surrounding the nozzle 1s asymmetric, a net force normal to
the nominal direction of the exhaust flow results. This force
can be used to adjust the attitude of rocket-propelled vehicle
310 in a desired manner, 1.e., 1n pitch, yaw, and/or roll. Any
desired motive mechanism can be used to move jet paddles
330, 332 into and out of the exhaust flow, e.g., electrical
actuators, hydraulic actuators, pneumatic actuators, a com-
bination thereof, etc. The shape, thickness, and composition
of jet paddles 330, 332 can be tailored to the specific
application. Jet paddles 330, 332 and their actuators can be
permanently attached to rocket-propelled vehicle 310, or can
be designed to be removable and reusable. The jet paddle
approach 1s scalable. It can be used on rocket motors as
small as those for model rockets (e.g., 2.4 cm diameterx6.9
cm long), and as large as motors for commercial launch
vehicles.

In some embodiments, any number of jet paddles may be
positioned next to one another. In such embodiments,
instead of having pairs of jet paddles next to one another as
in jet paddles 332, three jet paddles, five jet paddles, or any
desired number of jet paddles may be next to one another.
The jet paddles may or may not be physically touching, and
when they are not touching, the gaps between them may
vary as a matter of design choice. Furthermore, in some
embodiments, there may not be a corresponding jet paddle
on the opposite side of the vehicle for one or more jet
paddles. Increasing the number of jet paddles may provide
finer control. However, this may also increase the complex-
ity and cost of the TVC system.

FI1G. 4 illustrates a rocket-propelled vehicle 400 with a jet
paddle 410 configured to move by rotation, translation, or a
combination of rotation and translation, according to an
embodiment of the present invention. Rocket-propelled
vehicle 400 has a nozzle 420 that channels an exhaust flow
(not shown). Jet paddle 410 may translate, rotate, or both.
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Translation may be in any direction in the page of FIG. 4.
The actuator for jet paddle 410 1s not shown.

In principle, the use of jet paddles 1s similar to using jet
vanes, but has distinct advantages. One significant advan-
tage 1s that jet paddles have considerably less exposure to the
hot gases and particulates of the exhaust flow, such as solid
propellants with aluminum. A jet vane 1s fully immersed in
the exhaust flow and therefore i1s heated to exhaust stagna-
tion temperatures. Stagnation temperatures of 3,310-3,
588K, or 5,500-6,000° F., are typical in conventional jet
vane systems. This restricts the composition of jet vanes to
materials that can be exposed to a high temperature, such as
graphite, rhenium, tungsten-copper, or tungsten carbide/
stainless steel.

When used with solid propellants containing aluminum or
other corrosive materials, practical jet vanes should be
relatively thick so they remain effective while being eroded
away. For certain applications, such as interceptor missiles,
erosion of jet vanes may not be a large concern as the rocket
motor burn time 1s generally relatively short and the missile
1s intended to be destroyed at the end of 1ts tlight. However,
jet vanes may not be suitable for missiles or other rocket-
propelled vehicles with relatively long motor burn times due
to the longer periods of jet vane heating and erosion, and the
need for thicker and higher temperature jet vanes. Further-
more, the erosion of jet vanes generally makes them 1ll-
suited for reusable vehicle applications. Since jet paddles
need not be continuously and directly 1n the exhaust flow
and therefore need not have a stagnation point, the heating
and erosion environment for jet paddles 1s an order of
magnitude less than that for jet vanes. Consequently, a jet
paddle may be made of a wider variety of matenals, such as
iron, steel, stainless steel, various ceramics, etc.

Another advantage of jet paddles relative to jet vanes 1s
the design freedom available for the size and shape thereof.
In jet vanes, the nozzle exit diameter imposes restrictions on
the size of the jet vanes. Due to the diflerence 1n orientations
and locations, this 1s not the case for jet paddles. The length
of a jet paddle 1s essentially unconstrained, and hence, 1ts
surface area 1s also essentially unconstrained. This atfords
significant flexibility in jet paddle shape and size, and
therefore performance.

Another significant advantage of the jet paddle TVC
approach that 1s lacking in some of the other TVC
approaches 1s 1ts scalability with the size of the vehicle.
Generally speaking, the mission requirements of missiles,
rockets, spacecrait, and other similar vehicles include kine-
matic parameters such as translational and angular accelera-
tions. As the size of the vehicle 1s reduced, so too 1s 1ts mass,
and therefore so too are the forces and torques required to
achieve these accelerations. Thus, the thrust of the vehicle
generally scales with its size. Since the size of the jet paddles
and also the force needed to operate their actuators generally
scale with the exhaust thrust, the wide variety and avail-
ability of very small actuators means that jet paddle TVC
systems can scale with the size of the vehicle. This 1s not
necessarily the case for other TVC systems that deflect the
nozzle or engine, or iject tluid into the exhaust flow. There
1s a limit to the dimensions of gimbal systems and to the
dimensions of tubing of fluid injection systems due to
manufacturing, handling, and mounting constraints of these
components.

FIG. 5A 15 a solid-model rendering illustrating a side view
ol a prototype of a rocket propelled vehicle 500 with an eight
jet paddle TVC system 3540, according to an embodiment of
the present mvention. FIG. 5B i1s a solid-model rendering
illustrating a bottom view of eight jet paddle TVC system
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540, according to an embodiment of the present invention.
Rocket-propelled vehicle 500 1s a small 2 kg exoatmo-
spheric rocket-propelled vehicle with a 5.7 cm diameterx25
cm long (2.25 inch diameterx10 inch long) cylindrical, solid
propellant rocket motor 520 weighing 1 kg with 60 N thrust
and a 7 second burn time. Rocket motor 520 1s located
beneath a 10 cmx10 cmx10 cm (4 inchx4 inchx4 inch)
cubical payload 3510 weighing 1 kg. Vehicle 500 has four
legs 530 to protect the paddle assembly during landing after
tlight, and to hold it upright for display.

Eight jet paddle TVC system 540 1s attached to the bottom
of rocket motor 520. Legs 330 and TVC system 540 are part
of leg and jet paddle assembly 550, which includes a base
552. TVC system 540 has eight individually controlled
Inconel™ paddles 542. Each paddle 1s approximately 2.5 cm
longx0.64 cm widex1.3 mm thick (1 inch longx0.25 inch
widex0.05 inch thick), and includes a hinge 548. Pairs of
paddles 542 are positioned next to one another and separated
by a small gap. Paddles 542 can be moved 1nto and out of
the tlow by a respective linkage 544 connected to a respec-
tive electrically powered rotary servo 546. Each servo 546
1s powered at 5 V and consumes about 1 W. Paddles 542 can
move at a speed of 600 degrees/sec (no load) 1n this
embodiment. Four of the eight paddles 542 are shown 1n
their stow position, 30° away from the axis of symmetry of
nozzle 522. When rotated 10° into the flow relative to the
axis of symmetry of nozzle 522, ecach paddle 542 can
generate a lateral force of approximately 4 N.

Rocket-propelled vehicle 500 was subjected to a test tlight
on Aug. 28, 2013. Rocket motor 520 burned for 7 seconds
during this flight. Jet paddle TVC system 540 was com-
manded by a 100 Hz update rate attitude control loop that
provided full attitude control of vehicle 500 while 1t was
thrusting. Paddles 542 showed no sign of thermal or erosion
damage after the flight. This flight demonstrated that a jet
paddle TVC system can eflectively control the attitude of
small rocket vehicles.

FIG. 6 1s a flowchart 600 illustrating a process for
performing attitude and/or attitude rate control and compen-
sation for thrust misalignment using a jet paddle ACS,
according to an embodiment of the present mvention. Such
changes may be aflected by changing a thrust direction of a
vehicle. A jet paddle TVC system 1s configured for the
vehicle with an ACS and an engine producing thrust using
an exhaust tlow for propelling the vehicle. In some embodi-
ments, attitude and/or attitude rate control using TVC may
be performed by computing system 1200 of FIG. 12 con-
trolling actuators for one or more jet paddles. The process
begins with launching/deploying the vehicle at 605 by
activating the engine or other propulsion approach, such as
a catapult, electromagnetic launcher or rail gun, detaching
the vehicle from another flying vehicle, or any other desired
approach, such that the vehicle 1s 1n flight. The desired
attitude and attitude rate are determined at 610 and the
vehicle’s attitude and attitude rate are measured at 615. The
system then compares the desired attitude and attitude rate
to the measured attitude and attitude rate at 620. If the
current (measured) attitude and/or attitude rate do not need
to be changed at 625, the process returns to step 610.

However, 11 correction 1s needed at 625, the system
checks whether the engine 1s on at 630. If the engine 1s not
on at 630, the engine 1s turned on at 635, and the process
proceeds to 640. If the engine 1s already on at 630, the
process proceeds to step 640.

At 640, the appropnate jet paddles are moved to correct
the attitude and/or attitude rate. If the engine should not
continue thrusting at 645, the engine 1s turned off at 650. If
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the flight 1s not complete at 655, the process returns to step
610. Otherwise, the process ends.

The thrust of the vehicle, how far each paddle 1s moved,
and which paddles are moved, will control both the type of
rotation that the vehicle experiences and the amount of
rotation. Multiple types of control may be applied at the
same time 1n some embodiments. It should be noted that one
or more of the same jet paddles may have to be moved to a
different position to perform simultaneous control of two or
more of pitch, yaw, and roll than would be needed to control
only one of these rotations. The system accounts for this
during 1ts calculations.

Movable Masses

Some embodiments of the present imnvention control the
attitude of a vehicle using movable masses. The movable
mass may be a solid, a liquid, a gas, or any combination
thereof. The movable mass may move 1nside a main body of
a vehicle, outside the main body of the vehicle, inside-to-
outside and/or outside-to-inside of the main body of the
vehicle, or any combination thereof. A movable mass system
takes advantage of all applied forces on a vehicle, e.g.,
thrust, lift, and drag, and can therefore be called a force
vector control system (c.1., a thrust vector control system).
The movable mass force vector control system may be part
of a vehicle ACS. The movable mass ACS may be used to
null engine thrust misalignments and to steer the vehicle in
endoatmospheric thght, exoatmospheric tlight, travel
through a fluid, travel on a surface, or any combination
thereof. When the lines of action of the thrust and aerody-
namic or other applied forces acting on the vehicle do not
pass through the center-of-mass of the vehicle, a torque 1s
created about the center-of-mass. This causes the attitude of
the vehicle to change in accordance with the torque. Thus,
by moving mass 1n the vehicle 1n an appropriate way, the
center-of-mass can be moved relative to the lines of action
of the forces, and a torque can be generated for attitude
and/or attitude rate control. As the attitude of the vehicle
changes, the thrust direction also changes, as typically does
the magnitude of any lift and drag forces, allowing the
vehicle to be steered.

Mass can be moved 1n a variety of ways—solenoids,
motors, magnetic fields, fluid flow, etc. In the case where
magnetic or other force fields are used, movable mass need
not be physically attached to the vehicle at all, but instead
can be “suspended” using the magnetic or other fields. The
quantity, size, distribution, range of motion, speed, and
acceleration of the movable mass may be tailored to a
specific application. For some applications, the mass, size,
and power needs of a movable mass system may be lower
than those ol a more traditional ACS. This may make a
movable mass system particularly suitable for use in small
vehicles.

FIG. 7 1illustrates a rocket-propelled exoatmospheric
vehicle 700 where torque 1s controlled via internal movable
masses, according to an embodiment of the present mnven-
tion. In this example, only two dimensions and one force
(thrust) are considered for simplicity. The left image shows
the case where the thrust line-of-action 1s perfectly aligned
with the longitudinal axis or axis of symmetry of the vehicle
and passes through the center-of-mass. The thrust 1s denoted
T, the mass of vehicle 700 m,, the relevant moment of
inertia I;, the mass of the “movable mass” mz, which 1s
typically less than m,, and the distance from the center-of-
mass to the line-of-motion of the movable mass h. The angle
0 corresponds to pitch or yaw. For simplicity, the line-of-
motion of my 1s orthogonal to the thrust line-of-action. The
coordinate 1n the line-of-motion direction 1s x. As the ACS
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moves my; an amount X,, the center-of-mass moves an
amount x .. Two torques are created—one due to the thrust
and its lever arm x__, which corresponds to an angular
acceleration 6., and another due to the reaction force of the
vehicle caused by the acceleration of the movable mass X,
and 1ts lever arm h, which corresponds to an angular
acceleration 6. The sum of these two angular accelerations
1s the net angular acceleration of vehicle 700. Once the
movable mass stops accelerating, only 6. remains. The
tollowing equations provide these angular accelerations:

g
Xem = ( )XB

my +mpg

. Tx.m

by = :
Iy + MpXp

o mijth

0p = :
Iy + mpxp

éNET = @T + @B

The right image can be considered the case of a thrust
misalignment (mg 1s mitially not moving relative to vehicle
800 i this case). To nullify the torque due to this thrust
misalignment, m 5 1s moved so that the center-of-mass inter-
sects the line-of-action of the thrust, as shown in the left
image. The location and path of m, shown 1n FIG. 7 1s for
purposes of illustration only. The location and path of the
movable mass can be anywhere 1n some embodiments (1.¢.,
inside, outside, and/or inside and outside of the vehicle),
provided it 1s attached or otherwise aflixed (e.g., via mag-
netic fields) to the vehicle and changes the center-of-mass
location of the vehicle. The quantity of mass that 1s moved,
the path over which the mass moves, and the speed and
acceleration with which the mass 1s moved depends on the
requirements of the ACS and the desired attitude correction.
Roll can also be controlled 1n some embodiments 11 a force
that 1s not parallel to the roll axis 1s also acting on the
vehicle, such as lift or drag force 1n endoatmospheric tlight,
or any other suitable force.

A significant feature of some embodiments 1s their scal-
ability with the mass and size of the vehicle. Generally
speaking, the mission requirements of missiles, rockets,
spacecrait, and other similar vehicles include kinematic
parameters such as translational and angular accelerations.
As the mass of a vehicle 1s reduced, the forces and torques
required to achieve these accelerations are also reduced. The
quantity of movable mass required to shift the center of mass
and achieve a specified level of attitude control authority 1s
also reduced proportionately. Since there are a wide range of
mimature actuators available for moving mass, the movable
mass ACS of some embodiments can be very small and may
be approprate for very small vehicles. This 1s not necessar-
1ly the case for conventional ACSs, especially those that
require TVC systems and thrusters.

Embodiments of the movable mass ACS may use internal
movable masses, external movable masses, internal-to-ex-
ternal movable masses, external-to-internal movable
masses, or any combination thereof. As such, a large number
of embodiments are possible. FIG. 8 illustrates a solid-
model rendering of a rocket propelled vehicle 800 with an
external movable mass pitch/yvaw ACS, according to an
embodiment of the present invention. Vehicle 800 1s a 2 kg
rocket-propelled exoatmospheric vehicle that uses four
external movable masses 810 for thrust misalignment miti-
gation and attitude control of vehicle 800. The mass of
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vehicle 800 1s evenly split between a 1 kg cubical payload
820 that includes the sensors, computing system, and battery
of a movable mass pitch/yvaw ACS (not shown) and a 1 kg
cylindrical solid rocket motor 830 (50 Nx30 sec) beneath it.
The mass of each arm 812 with 1ts end mass 814 1s 3.7% of
the total mass of vehicle 800 1n this embodiment. The mass
ol the four external movable masses 810 and their actuators
1s about 18% of the total mass of vehicle 800. However,
other mass percentages, masses, and numbers of arms may
be used in other embodiments. This system 1s capable of
handling up to 1.7° of thrust misalignment (about 10 times
that of tactical solid rocket motors).

Rocket-propelled vehicle 800 was fabricated and sub-
jected to a test flight on Jun. 28, 2012. Rocket motor 830
burned for seven seconds during this flight. The movable
mass pitch/yaw ACS was commanded by a 10 Hz update
rate control loop that provided full pitch/yaw control while
the vehicle was thrusting. This flight demonstrated that a
movable mass pitch/yvaw ACS can eflectively control the
pitch/yvaw of small rocket vehicles.

FIG. 9 1s a solid-model rendering 1llustrating a prototype
vehicle 900 configured to perform movable mass attitude
control using linear actuators within the lateral external
envelope of vehicle 900, according to an embodiment of the
present invention. Exhaust gases exit via nozzle 922. A
linear movable mass system 910 1s designed for attachment
to the bottom of a 5.6 cm diameter rocket motor 920. The
hardware shown 1n this embodiment was designed for test
purposes and not for flight.

The movable mass 1s a solenoid coil 912 with two
rectangular mass slabs 914 attached on either side. When
solenoid co1l 912 1s energized, 1t travels back and forth on 1ts
cylindrical shaft or plunger 916, which 1s attached to rocket
motor 920. Mass slabs 914 can be extended 1n length parallel
to the longitudinal axis of the cylinder to increase the
amount of mass that 1s moved.

FIG. 10 1s a flowchart 1000 illustrating a process for
performing pitch/yvaw and/or pitch/yvaw rate control, and
compensation for thrust misalignment, using a movable
mass ACS, according to an embodiment of the present
invention. A movable mass TVC system 1s configured for an
exoatmospheric vehicle with an ACS and an engine produc-
ing thrust for propelling the vehicle. The thrust acts along the
nominal roll axis and i1s the only external applied force
acting on the vehicle for this embodiment. In certain
embodiments, a second force in addition to thrust that 1s
non-parallel with the roll axis may be present and used for
performing roll and/or roll rate control, making available
tull attitude and attitude rate control. This second force may
typically be the sum of lift and/or drag forces. In some
embodiments, attitude and/or attitude rate control using
force vector control may be performed by computing system
1200 of FIG. 12 controlling actuators for one or more
movable masses.

The process begins with launching/deploying the vehicle
at 1005 by activating the engine or other propulsion
approach, such as a catapult, electromagnetic launcher or
rail gun, detaching the vehicle from another flying vehicle,
or any other desired approach, such that the vehicle 1s 1n
flight. The desired pitch/yvaw and pitch/yvaw rate are deter-
mined at 1010 and the vehicle’s pitch/yvaw and pitch/yaw
rate are measured at 1015. The system then compares the
desired pitch/yaw and pitch/yaw rate to the measured pitch/
yaw and pitch/yvaw rate at 1020. If the current (measured)
pitch/yaw and/or pitch/yaw rate do not need to be changed
at 1025, the process returns to step 1010.
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However, 1f correction 1s needed at 1025, the system
checks whether the engine 1s on at 1030. If the engine 1s not
on at 1030, the engine 1s turned on at 1035, and the process
proceeds to step 1040. I1 the engine 1s already on at 1030, the
process proceeds to step 1040.

At 1040, the appropriate movable masses are moved to
correct the pitch/yvaw and/or pitch/yaw rate. If the engine
should not continue thrusting at 1045, the engine 1s turned
ofl at 1050. If the flight 1s not complete at 1055, the process
returns to step 1010. Otherwise, the process ends.

The forces on the vehicle, how far each movable mass 1s
moved, and which movable masses are moved, will control
both the type of rotation that the vehicle experiences and the
amount of rotation. Multiple types of control may be applied
at the same time 1n some embodiments. It should be noted
that one or more of the same movable masses may have to
be moved to a different position to perform simultaneous
control of pitch and yaw than would be needed to control
only one of these rotations. The system accounts for this
during 1its calculations.

Combined Jet Paddles and Movable Masses

Some embodiments of the present invention use a com-
bination of jet paddles and movable masses to perform
attitude and/or attitude rate control. Such embodiments may
be able to achieve faster response and realize stronger
control forces than either approach individually. Further, 1n
certain embodiments, one approach may perform better 1n
endoatmospheric conditions (or more generally, travel
through a fluid) and another may perform better 1n exoat-
mospheric conditions (or more generally, travel 1 space).
For instance, external movable masses that extend outward
from the vehicle may be able to leverage drag forces to
generate control forces 1 endoatmospheric operation. Also,
an exoatmospheric vehicle with a single engine and no
included TVC cannot achieve full attitude control with
moveable mass. However, such a vehicle can use moveable
mass for pitch/yaw control and jet paddles for roll control.
Naturally, the jet paddles can also be used to affect or
augment pitch/yaw control as well.

FIG. 11 1s a flowchart 1100 illustrating a process for
performing attitude and/or attitude rate control, and com-
pensation for thrust misalignment, using a combination jet
paddle and movable mass ACS, according to an embodiment
of the present invention. A combination jet paddle and
movable mass TVC system 1s configured for an exoatmo-
spheric vehicle with an ACS and an engine producing thrust
and exhaust flow for propelling the vehicle. The thrust acts
along the nominal roll axis and 1s the only external applied
force acting on the vehicle for this embodiment. In some
embodiments, attitude and/or attitude rate control may be
performed by computing system 1200 of FIG. 12.

The process begins with launching/deploying the vehicle
at 1105 by activating the engine or other propulsion
approach, such as a catapult, electromagnetic launcher or
rail gun, detaching the vehicle from another flying vehicle,
or any other desired approach, such that the vehicle 1s 1n

flight. The desired attitude and attitude rate are determined
at 1110 and the vehicle’s attitude and attitude rate are

measured at 1115. The system then compares the desired
attitude and attitude rate to the measured attitude and
attitude rate at 1120. If the current (measured) attitude and/or
attitude rate do not need to be changed at 1125, the process
returns to step 1110.

However, 11 correction 1s needed at 1125, the system
checks whether the engine 1s on at 1130. If the engine 1s not
on at 1130, the engine 1s turned on at 1135, and the process
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proceeds to step 1140. If the engine 1s already on at 1130, the
process proceeds to step 1140.

At 1140, the appropriate jet paddles and/or movable
masses are moved to correct the attitude and/or attitude rate.
If the engine should not continue thrusting at 1145, the
engine 1s turned ofl at 1150. If the flight 1s not complete at

1155, the process returns to step 1110. Otherwise, the
process ends.

FIG. 12 1s a block diagram 1200 of a computing system
(heremafiter “system™) configured to control attitude and/or
attitude rate of a vehicle using jet paddles and/or movable
masses, according to an embodiment of the present mven-
tion. System 1200 may control the position of jet paddles
and/or movable masses via actuators, solenoids, or any other
suitable mechanism that drives the movement thereof. Sys-
tem 1200 includes a bus 1205 or other communication
mechanism  for communicating information, and
processor(s) 1210 coupled to bus 1205 for processing infor-
mation. Processor(s) 1210 may be any type of general or
specific purpose processor, including a central processing,
unmit (CPU) or application specific integrated circuit (ASIC).
System 1200 further includes a memory 12135 for storing
information and instructions to be executed by processor(s)
1210. Memory 12135 can be comprised of any combination
of random access memory (“RAM”), read only memory
(“ROM”™), flash memory, cache, static storage such as a
magnetic or optical disk, or any other types of non-transitory
computer-readable media or combinations thereof. Addi-
tionally, system 1200 includes a communication device
1220, such as a transceiver, to wirelessly communicate with
external systems.

Non-transitory computer-readable media may be any
available media that can be accessed by processor(s) 1210
and may include both volatile and non-volatile media,
removable and non-removable media, and communication
media. Communication media may mclude computer-read-
able instructions, data structures, program modules or other
data 1n a modulated data signal such as a carrier wave or
other transport mechanism and includes any information
delivery media.

Memory 1213 stores software modules that provide func-
tionality when executed by processor(s) 1210. The modules
include an operating system 1225 for system 1200. The
modules further include an attitude control module 1230 that
1s configured to control the attitude and/or attitude rate of the
vehicle using jet paddles and/or movable masses. For
instance, attitude control module 1230 may be configured to
perform any of the attitude and/or attitude rate control
operations discussed herein. System 1200 may include one
or more additional functional modules 1235 that include
additional functionality.

One skilled 1n the art will appreciate that a “system”™ could
be embodied as a computer, a server, a console, or any other
suitable computing device, or combination of devices. How-
ever, 1n many embodiments, system 1200 will be 1mple-
mented as electronics and software of an ACS, a reaction
control system (RCS), and/or a flight control system (FCS)
for a flying vehicle. Furthermore, 1n certain embodiments,
separate systems may control attitude and flight path. Any
suitable control system or combination of systems, whether
clectronic, mechanical, or both, may be used as a matter of
design choice. Presenting the above-described functions as
being performed by a “system” 1s not intended to limit the
scope of the present invention 1n any way, but 1s mtended to
provide one example of many embodiments of the present
invention. Indeed, methods, systems and apparatuses dis-
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closed herein may be implemented 1n localized and distrib-
uted forms consistent with computing technology, including
cloud computing systems.

It should be noted that some of the system {features
described 1n this specification have been presented as mod-
ules, 1n order to more particularly emphasize theirr 1mple-
mentation mdependence. For example, a module may be
implemented as a hardware circuit comprising custom very
large scale integration (VLSI) circuits or gate arrays, ofl-
the-shelf semiconductors such as logic chips, transistors, or
other discrete components. A module may also be 1mple-
mented in programmable hardware devices such as field
programmable gate arrays, programmable array logic, pro-
grammable logic devices, graphics processing units, or the
like.

A module may also be at least partially implemented 1n
soltware for execution by various types of processors. An
identified unit of executable code may, for instance, com-
prise one or more physical or logical blocks of computer
instructions that may, for instance, be organized as an object,
procedure, or function. Nevertheless, the executables of an
identified module need not be physically located together,
but may comprise disparate instructions stored in different
locations which, when joined logically together, comprise
the module and achieve the stated purpose for the module.
Further, modules may be stored on a computer-readable
medium, which may be, for instance, a hard disk drive, tlash
device, RAM, tape, or any other such medium used to store
data.

Indeed, a module of executable code could be a single
instruction, or many instructions, and may even be distrib-
uted over several different code segments, among diflerent
programs, and across several memory devices. Similarly,
operational data may be identified and illustrated herein
within modules, and may be embodied 1n any suitable form
and organized within any suitable type of data structure. The
operational data may be collected as a single data set, or may
be distributed over different locations including over differ-
ent storage devices, and may exist, at least partially, merely
as electronic signals on a system or network.

In some embodiments, attitude and/or attitude rate
changes for a rocket-propelled vehicle may be provided
using jet paddles. In other embodiments, changes in pitch/
yaw, pitch/yaw rate, or both, may be provided using internal
and/or external movable masses. In still other embodiments,
a combination of jet paddles and movable masses may be
used for attitude and/or attitude rate control. Such ACSs may
be particularly well suited for small vehicles, but scale for,
and can be used on, vehicles of any size.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments of the systems, apparatuses, methods, and computer
programs of the present invention, as represented 1n the
attached figures, 1s not mtended to limit the scope of the
invention as claimed, but 1s merely representative of selected
embodiments of the invention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner 1n one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment 1s included 1n
at least one embodiment of the present invention. Thus,
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appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present imnvention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the mvention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized 1n
certain embodiments that may not be present 1n all embodi-
ments of the mvention.

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps 1 a different order, and/or with hardware ele-
ments 1n configurations which are different than those which
are disclosed. Therefore, although the imvention has been
described based upon these preferred embodiments, 1t would
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the

appended claims.

Ll
1

The mvention claimed 1s:

1. An apparatus, comprising;:

a plurality of jet paddles located outside of a nozzle of the
apparatus from which an exhaust flow exits the appa-
ratus, the plurality of jet paddles configured to be
moved 1nto and/or sufliciently close to the exhaust tlow,
and configured to be moved away from the exhaust
flow, to change a direction of thrust produced by the
exhaust flow, wherein

cach of the plurality of jet paddles rotates about an axis
substantially orthogonal to an axis of symmetry of the
nozzle, translates towards and away from the exhaust
flow, or moves by a combination of rotation and
translation towards and away from the exhaust flow,

the plurality of jet paddles are operably connected to a
body of the apparatus, and

an edge of at least one of the plurality of jet paddles 1s
connected to the body before an end of the nozzle from
which the exhaust flow exits the nozzle and another
edge of the at least one of the plurality of jet paddles
extends beyond the end of the nozzle such that a portion
of the at least one of the plurality of jet paddles is
partially ait of the end of the nozzle.

2. The apparatus of claim 1, further comprising:

a linkage for each of the jet paddles configured to enable
the respective jet paddle to move towards and away
from the exhaust flow:; and
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an actuator for each of the jet paddles operably connected
to the respective linkage, jet paddle, or both, and
configured to move the respective jet paddle towards
and away from the exhaust flow.
3. The apparatus of claim 1, further comprising:
a computing system configured to monitor a tlight of the
apparatus, the computing system configured to:
monitor a flight of the apparatus for whether to change
attitude and/or attitude rate due to a planned change
in attitude, a planned change 1n attitude rate, and/or
due to unknown force perturbations, and

when change 1s desired, perform thrust vector control
by moving one or more of the jet paddles into or
suiliciently close to the exhaust flow so as to allect
the desired change.

4. The apparatus of claim 3, wherein the computing
system 1s configured to change pitch by moving at least one
jet paddle to generate pitch torque.

5. The apparatus of claim 3, wherein the computing
system 1s configured to change yaw by moving at least one
jet paddle to create a yaw force 1n a direction.

6. The apparatus of claim 3, wherein the computing
system 1s configured to control roll by moving two pairs of
jet paddles that are opposite one another with the exhaust
flow between them, the two pairs of jet paddles positioned
and moved to generate positive and negative roll torques.

7. The apparatus of claam 1, wherein at least two jet
paddles are positioned on a same side of the apparatus.

8. A computer-implemented method, comprising:

monitoring, by a computing system, whether to execute
thrust direction changes for a vehicle producing thrust
with an exhaust flow due to a planned change thrust
direction, and/or due to unknown and/or unplanned
force perturbations; and

altering the thrust direction of the vehicle, by the com-
puting system, when a thrust direction change 1s
desired by moving at least one jet paddle into and/or
sufliciently close to the exhaust tlow, and/or moving at
least one jet paddle away from the exhaust flow,
wherein

the at least one jet paddle 1s moved by rotation about an
axis substantially orthogonal to an axis of symmetry of
the nozzle from which the exhaust flow exits the
vehicle, moved by translation towards and away from
the exhaust flow, or moved by a combination of rotation
and translation towards and away from the exhaust
flow,

the plurality of jet paddles are operably connected to a
body of the vehicle,

the at least one jet paddle 1s located outside of a nozzle of
the vehicle from which an exhaust flow exits the
vehicle, and

an edge of at least one of the plurality of jet paddles 1s
connected to the body belfore an end of the nozzle from
which the exhaust flow exits the nozzle and another
edge of the at least one of the plurality of jet paddles
extends beyond the end of the nozzle such that a portion
of the at least one of the plurality of jet paddles 1s
partially aft of the end of the nozzle.

9. The computer-implemented method of claim 8, further

comprising;

changing pitch, by the computing system, by moving at
least one of the paddles 1nto or sufliciently close to the
exhaust flow to create a force 1n one direction along a
single axis.

10. The computer-implemented method of claim 8, fur-

ther comprising:
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changing vaw, by the computing system, by moving at
least one jet paddle into or sufliciently close to the
exhaust tlow to create a yaw force 1n a direction.

11. The computer-implemented method of claim 8, further

comprising:

changing roll, by the computing system, by moving at
least two jet paddles that are opposite each other, with
the exhaust flow between them, to cause the vehicle to
roll.

12. The computer-implemented method of claim 8,
wherein two or more of pitch, yaw, and roll are changed
simultaneously.

13. An apparatus, comprising:

a plurality of jet paddles configured to be moved into
and/or suihiciently close to an exhaust flow, and con-
figured to be moved away from the exhaust tlow, to
change a direction of thrust produced by the exhaust
flow, wherein the plurality of jet paddles each rotate
about an axis substantially orthogonal to an axis of
symmetry of a nozzle from which the exhaust flow
exits the apparatus, translate towards and away from
the exhaust flow, or move by a combination of rotation
and translation towards and away from the exhaust
flow; and

one or more movable masses that sufliciently move a
center-of-mass of the apparatus off a line of action of
external forces acting on the apparatus, the external
forces comprising a thrust force created by the exhaust
flow, to at least 1n part facilitate flight control of the
apparatus while the apparatus 1s 1 powered flight,
wherein

the plurality of jet paddles are operably connected to a
body of the apparatus.

14. The apparatus of claim 13, further comprising:

a computing system configured to perform attitude and/or
attitude rate control for the apparatus by moving one or
more of the jet paddles, at least one of the one or more
moving masses, or both.

15. A computer-implemented method, comprising;

monitoring, by a computing system, whether to change
attitude and/or attitude rate due to a planned correction,
and/or due to unknown and/or unplanned force pertur-
bations; and

altering the attitude and/or attitude rate of the vehicle, by
the computing system, when a change 1s desired by
moving at least one jet paddle sufliciently close to an
exhaust flow such that the attitude and/or attitude rate
of the vehicle 1s sufliciently altered to control flight,
wherein

the at least one jet paddle 1s moved via rotation about an
ax1s substantially orthogonal to an axis of symmetry of
a nozzle from which the exhaust flow exits a vehicle,
via translation towards and away from an exhaust flow,
or via a combination of rotation and translation towards
and away from the exhaust flow, and

an edge of the at least one jet paddle 1s connected to the
body before an end of the nozzle from which the
exhaust flow exits the nozzle and another edge of the at
least one jet paddle extends beyond the end of the
nozzle such that a portion of the at least one jet paddle
1s partially ait of the end of the nozzle.

16. The computer-implemented method of claim 185,
wherein the altering of the attitude and/or attitude rate of the
vehicle comprises altering a pitch of the vehicle, altering a
yaw of the vehicle, altering a roll of the vehicle, or any
combination thereof.
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17. The apparatus of claim 1, wherein the apparatus
comprises a rocket engine, and the exhaust flow 1s provided
by the rocket engine.

18. The apparatus of claim 1, further comprising;:

one or more movable masses that sufliciently move a
center-of-mass of the apparatus to at least in part
facilitate tlight control of the apparatus while the appa-
ratus 1s 1 powered flight.

19. The apparatus of claim 1, wherein

the exhaust flow 1s generated by a rocket engine, and

the jet paddles are capable of surviving operation in or
near the exhaust tlow for at least five seconds without
crosion of the jet paddles adversely aflecting flight
control.

20. An apparatus, comprising:

a plurality of jet paddles located outside of a nozzle of the
apparatus from which an exhaust flow from a motor or
engine exits the apparatus, wherein
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an edge of each of the plurality of jet paddles 1s operably
connected to a body of the apparatus before an end of
the nozzle from which the exhaust flow exits the nozzle
such that the plurality of jet paddles rotate,

axes of rotation of the plurality of jet paddles are orthogo-
nal to an axis of symmetry of the nozzle, and

another edge of each of the plurality of jet paddles extends
beyond the end of the nozzle such that a portion of each
of the plurality of jet paddles are each partially aft of
the end of the nozzle.

21. The apparatus of claim 20, wherein the apparatus

comprises a rocket engine, and the exhaust flow 1s provided
by the rocket engine.

22. The apparatus of claim 20, wherein at least two of the

plurality of jet paddles are positioned next to one another on
a same side of the apparatus.
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